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INTRODUCTION
Orderly arrays of profiles in organelles and in the
cytoplasm of various plant and animal cells have
attracted the attention of many electron micro-
scopists. These structures, variously referred to as
"crystalloids," "paracrystalline," or "crystalline"
inclusions, usually stand out from the surrounding
amorphous matrix or from other intracytoplasmic
profiles because of the regularity of their outlines
and internal arrangements. Not infrequently, these
inclusions satisfy the definition of crystals in that
they are three-dimensional objects arranged in a
periodic, repetitive array .
The chemical composition of various crystalline
inclusions and their roles in cellular metabolism are
still in doubt, because the softness of the inclusions
in unfixed material prevents their isolation as
recognizable structures. Consequently, most crys-
talline inclusions have been characterized by
determining only their periodicities and arrange-
ments with the aid of high magnification electron
micrographs. Whenever possible, their roles are
inferred from known major functions of the respec-
tive cells (4, 11) . Because of the paucity of other
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ABSTRACT
Determination of the unit cell of crystalline particles by optical diffraction analysis of electron
micrographs may establish the identity and help in approximating the molecular weight of
the substances contained in the crystal . This technique may be particularly helpful when
isolation and purification of the crystalline material cannot be accomplished .
methods for the study of crystalline inclusions,
careful dimensional characterization of periodic-
ities is essential if such structures are to be com-
pared with others found in the same or in different
specimens. However, because different planes of
sectioning of a three-dimensional periodic structure
in general will reveal different periodicities, the
common origin of the apparently dissimilar struc-
tures may be missed . Determination of the com-
plete three-dimensional lattice would overcome
this difficulty. Moreover, an accurate knowledge
of the repeating pattern or unit cell of an unknown
crystalline material may occasionally serve to
identify it chemically or at least to place it within a
limited number of molecular types by excluding
from consideration groups of compounds known to
crystallize with very different unit cell dimensions .
Optical diffraction analysis is a powerful tech-
nique for revealing repeating structures within
electron micrographs even when that structure can-
not be detected by direct visual means (1, 6) . In
this paper we describe an extension of optical
diffraction methodology which permits one toderive the three-dimensional unit cell parameters
of crystalline inclusions from analysis of electron
micrographs. We will also show that these data
may be used to approximate closely the molecular
weight of the substance under study. The compan-
ion paper will illustrate
technique (9).
THEORETICAL
Several lucid treatments of diffraction theory are
available (3, 7, 10) . It is, however, appropriate to
detail here certain aspects of this subject with
particular reference to diffraction from crystalline
arrays.
The physical phenomenon of diffraction can be
observed with light and sound waves, X-rays,
electrons, and with neutron, radio, and thermal
radiation. In general, for appreciable observable
diffraction to occur, it is necessary that the dis-
tances between scattering points in the diffracting
object and the wavelength of the incident radiation
be of similar magnitude . Therefore, diffraction ef-
fects can be observed when crystals are irradiated
with X-rays and when greatly enlarged photo-
graphs of crystals (electron micrographs) are ir-
radiated with electromagnetic radiation of greatly
increased wavelength, i.e., visible light.
Rays diffracted from any object may be char-
acterized by their spatial distribution, their in-
tensity, and their relative phase. For a known struc-
ture these parameters may be calculated mathe-
matically by the process of Fourier transformation,
and for this reason diffraction patterns are often
referred to as Fourier transforms .
Diffraction effects from a crystalline molecular
array take the form of a regular three-dimensional
lattice whose dimensions are reciprocally related
to those of the original lattice. Because of this reci-
procity which always exists between an object and
its Fourier transform, the dimensions of the latter
are recorded as reciprocal lengths . Thus, a row of
diffraction spots arising from a structure with
periodicity 100 A are assigned a spacing 1 /100 A -'.
Each point of the "reciprocal lattice" has a
phase and an intensity both of which are deter-
mined by the molecular structure of the crystalline
material; when such a diffraction pattern is re-
corded, e.g. on photographic film, the phase
information is lost and it is no longer possible to
derive the molecular structure directly from the
diffraction data. However, the spatial distribution
of the diffracted spots on such a film can be in-
an application of this
terpreted easily to give a two-dimensional projec-
tion of the crystal lattice points .
A procedure has been outlined for approximat-
ing the phase data necessary to determine three-
dimensional molecular architecture from the cor-
responding optical diffraction patterns (2) . In
general, this technique requires electron micro-
graphs representing a number of different pro-
jected views of a single structure, and it further re-
quires that the relative direction of projection for
each of the views be known . In contrast, the tech-
nique to be described here can be carried out on
electron micrographs of organelles regardless of
their orientation with respect to the plane of sec-
tioning. The unit cell parameters thus derived may
be helpful in identifying unknown cellular ma-
terial . This technique, however, cannot provide
details of molecular structure or organization .
LATTICE DETERMINATION
The Fourier transform of any projection of a crystal
lattice is simply a plane section which passes
through the origin of the reciprocal lattice and lies
parallel to the plane of projection (Fig. 1). Since
electron micrographs are two-dimensional pro-
jections of structure, the optical diffraction pattern
obtained from an electron micrograph of a crystal-
line organelle is a plane central section through
the reciprocal lattice of that organelle. Because the
Fourier transform of a projection is a section, there is
no superposition of reciprocal lattice points in
the diffraction patterns derived from an electron
micrograph containing superimposed crystal
lattice points. This clearly facilitates the analysis .
By chance alone, a central section through the
reciprocal lattice would not be expected to inter-
sect any lattice points except, by definition, the
origin. A very small number of sections with partic-
ular orientation will, of course, intersect lattice
points along two of the three coordinate directions
(we have designated these "two-dimensional pat-
terns") . By far the most common sections contain-
ing other than origin lattice points will be those
intersecting the reciprocal lattice along one row of
points only (designated "one-dimensional pat-
terns") . The plane of sectioning of the organelle
determines the plane of the electron micrographic
projection and thus the orientation of the section
through the corresponding reciprocal lattice .
To derive the full, three-dimensional reciprocal
lattice from a collection of routine electron micro-
graphs, optical diffraction patterns are first pre-
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FIGURE 1 Portion of a three-dimensional crystal lattice and the appearance of its projection along the
directions PB and Pc, onto planes B and C, respectively. The projection pattern is indicated by solid
black circles . The reciprocal lattice corresponding to the Fourier transform of the crystal lattice is shown
at R, and again at R2. Sections through the reciprocal lattice parallel to the planes of projection B and C
are indicated by the shaded extension of those planes . These central sections through the reciprocal lattice
are the Fourier transforms of the respective projections of the crystal structure . The origin of the re-
ciprocal lattice is indicated by an asterisk .
pared (1) . One then searches for two-dimensional
patterns. Any two such patterns must necessarily
have one line in common. The ambiguity in rela-
tive orientation of these two patterns will be limited
to one rotational degree of freedom about the
common line of intersection as axis. Establishment
of the intersection of a third plane with the other
two will generally fix this rotational freedom and
permit a unique solution for the relative orienta-
tion of all three sections. It is a small step to go
from this stage to a determination of the reciprocal
lattice of the crystalline inclusion.
Once a tentative lattice is determined with the
aid of suitable optical transforms, it is then re-
quired that all other inclusions postulated to be
identical with the original be explicable as sections
through the tentative lattice . Finally, the recipro-
cal lattice is converted into the object lattice by
making use of the fact that any row of points spaced
"d" in the reciprocal lattice is perpendicular to a
set of parallel lattice planes with spacing 1 /d in the
object lattice . The volume of the unit cell may be
calculated from the cell dimensions and interfacial
angles (5).
SOURCES OF ERROR
Implicit in this analysis is the assumption that any
two sections passing through identical reciprocal
lattice points will, in fact, show identical periodici-
ties. This would be strictly true if the reciprocal
lattice were, in fact, a lattice of points . For a
crystal of infinite extent, the corresponding recip-
rocal lattice is indeed a point lattice . For crystals
which are finite in any direction, the reciprocal
lattice "points" are elongated in the same direction
(Fig. 2) . The precise interrelation between crystal
size and reciprocal lattice point elongation is dis-
cussed in standard texts (3) . For practical purposes,
it is necessary to know only the extent of elongation
in any direction, D, as a fraction of the center-to-
center reciprocal lattice spacing in that direction .
This figure is given by the relation E/d = 2R/T
where E = length of elongated reciprocal lattice
spot, d = center-to-center distance between re-FIGURE 2 Reciprocal lattice showing elongation of
lattice points ; length of streaks in a given direction is
inversely proportional to the thickness of crystal in
that direction.
ciprocal lattice spots in direction D, T = thickness
in A of crystal in direction D, and R = repeat
distance (e.g. unit cell length) of crystal lattice in
direction D.
The consequence of this streaking of lattice
points is that sections through the reciprocal lattice
may intersect given lattice "streaks" over a range
of additional orientations. This increases the likeli-
hood that any randomly oriented section will pass
through several "points." It also means that sec-
tions integ secting a given set of such "points" will
not necessarily record identical spacings. Fig. 3
represents a portion of the lattice illustrated in Fig .
2. The edges of two planes are shown passing
through the origin 0, and intersecting identical
streaked lattice "points ." The difference between
the lengths of AC and BD represents the disparity
to be expected in two diffraction patterns measur-
ing identical reciprocal lattice spacings . Clearly
the variations encountered will depend on the unit
cell dimensions and the thickness of the sectioned
material. Separate calculation is required for each
case after a tentative unit cell has been determined .
Compression distortion of sectioned material, if
present, may hamper and possibly confound at-
tempts at lattice determination, since the ability to
recognize identical sections through the reciprocal
lattice is based on the presumption that such sec-
tions display identical periodicities . Lack of distor-
tion of such structures as are known to be sections
of spheres, e.g. fat globules present in the same
electron micrograph, helps to exclude this possi-
bility.
The possibility must always be considered that
two or more quite different crystalline substances
may be present in a single specimen . In this event,
carrying out the analysis as described might lead
one to combine two-dimensional patterns from en-
tirely different lattice types and thereby derive a
fallacious solution. While this difficulty can never
be entirely avoided, it is most unlikely that diffrac-
FIGURE 3 Section of the reciprocal lattice shown in
Fig. 2. BOD and AOC are the traces of two central
planes through identical lattice streaks showing range
of possible orientations and apparent lattice spacings.
tion patterns from quite different lattices would
be mutually compatible. An exception to this is
the rare case in which the lattice spacings of one of
the crystalline solids happen, by chance, to be
integral submultiples of the respective periodicities
in the other. In that instance, there would be no
general incompatibility of periodicities and the
postulated solution ordinarily would be the larger
structure.
Of greater concern are those cases in which the
space group of the crystal lattice contains glide
planes or screw axes as symmetry elements (5). In
electron micrographs of such structures, the resolu-
tion of the system may be such that a molecule can-
not be differentiated from its mirror image or from
itself rotated. The apparent repeat period will
then be less than the true one by a small integral
factor whose value depends upon the particular
symmetry operator present.
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The most important feature of the technique just
described is that it may be used to approximate the
molecular weight of crystalline substances, and
therefore it is particularly useful when this material
cannot be isolated and purified for chemical anal-
ysis, e.g., crystals observed in needle biopsy speci-
mens from human tissues.
Every crystal lattice is characterized by a group
of symmetry elements (the space group) which de-
termine precisely the number and relative positions
of unsymmetrical subunits within the unit cell . The
basic unsymmetrical subunit within the unit cell
(the asymmetric unit) is not, however, always iden-
tical with a single molecule but may consist of an
integral multiple or submultiple, n, of the chemical
TABLE I
Relation between Symmetry Class of Crystal Lattice and Maximum Allowed Number of Asymmetric Units
* Figures refer to a primitive unit cell .
molecule. For most substances of biological in-
terest n equals 1/2, 1, or 2. Table I lists, for each
crystal class, the maximum number of asymmetric
units, N, per primitive unit cell (5). Proteins and
nucleic acids, among others, cannot crystallize in
space groups which have inversion or mirror sym-
metry, and a separate set of figures appropriate for
such molecules is therefore provided . The mini-
mum molecular weight, M, is thus given by the
relation M = Vc /(VM • N • n) where Vc = volume
of the primitive cell and VM = volume of the unit
cell per unit of molecular weight of the contents
(exclusive of solvent of crystallization) . A recent
study has shown that for proteins, VM generally
ranges between approximately 1 .7 and 3 .5 (8) . In
fact, 80% of 120 different protein crystals had values
of VM = 2.5 f 0.5. For other molecular types, VM
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may be approximated similarly from known
crystals of the respective type . Caution should be
employed, however, since even for proteins oc-
casional extraordinary values for VM have been
reported. For tropomyosin crystals, VM = 24 (8) !
For an unknown substance, the proper value of n
will, in general, be unknown, and one will there-
fore be faced with three possible values for the
molecular weight which correspond to the three
most likely values given above . Since these cal-
culated molecular weights will differ by successive
factors of two, other considerations may permit a
reasonable choice to be made among them .
The technique described here cannot, except in
very favorable circumstances, yield a precise value
for the molecular weight of an unknown crystalline
inclusion. However, the restrictions which can be
placed on the molecular weight and unit cell as a
result of this kind of analysis may frequently be
decisive in determining the exact nature of the
substance in question .
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